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We demonstrate that blending fluorinated molecules in PEDOT:PSS hole transport layers (HTL) induces charge transfers which impact on both charge 
extraction and photogeneration within organic photovoltaic (OPV) devices. OPVs fabricated with modified HTL and two photoactive
polymer blends led systematically to power conversion efficiencies (PCE) increases, with PTB7:PC70BM blend exhibiting PCE of ~ 8.3 %, i.e. ~ 15 % increase 
compared to pristine HTL devices. A reduced device-to-device characteristics variations was also noticed when fluorinated additives were used to modify the 
PEDOT:PSS. Shading lights onto the effect of HTL fluorination, we show that the morphology of the polymer:PCBM blends remains surprisingly unaffected by 
the fluorinated HTL surface energy but that, instead, the OPVs are impacted not only by the HTL electronic properties (work function, dipole layer, open 
circuit voltage, charge transfer dynamic) but also by alteration of the complex refractive indices (photogeneration, short circuit current density, external 
quantum efficiencies, electro-optic modelling). Both mechanisms find their origin in fluorination induced charge transfers. This work points towards 
fluorination as a promising strategy toward combining both external quantum efficiency modulation and power conversion efficiency enhancement in OPVs. 
Charge transfers could also be used more broadly to tune the optical constants and electric field distribution, as well as to reduce interfacial charge 
recombinations within OPVs. 
Introduction 
Organic and hybrid organic-inorganic optoelectronics are the 
subject of intensive research partially motivated by the 
potential to achieve low processing cost devices, for instance 
via roll-to-roll and inkjet printing processes, and by the 
promise to deliver exciting mechanical properties such as 
lightweight, flexibility and stretchability.
1-4
 Organic materials 
for solution based processes range from low melting point 
semiconductors, suitable for liquid electronics, to large 
polymers, soluble in various solvents.
5-8
 Ongoing molecular 
engineering efforts aim at combining solution properties with 
optimized energy levels and charge transport properties to 
design high performance devices including transistors,
9,10
 light 
emitting diodes or cavities,
11,12
 memories,
4,6
 and solar cells.
2,13
  
Organic photovoltaic (OPV) devices in both single and multi-
junction configuration have now reached in research 
environment the 10% efficiency seen as the breaking point 
announcing technology transfer and commercialization.
1,14-20
 
Among the suitable device structures, bulk hetero-junction 
(BHJ) solar cells are probably the most studied, with their 
specific morphology being seen as close to ideal: a) nanophase 
structuration to increase exciton dissociation, b) bi-continuous 
percolation network to allow efficient charge collection, c) 
donor (acceptor) rich phases near the hole (electron) transport 
layer to reduce charge recombination while increasing the 
charge selectivity of the electrodes. Various approaches have 
been developed to tune the phase separation and control the 
BHJ morphology. These include thermal and solvent vapour 
treatments, as well as the addition of small molecules or co-
solvents, and the resulting structures have been investigated 
by ellipsometry, electron tomography, dynamic secondary ion 
mass spectroscopy, X-ray photoemission.
21-29
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Poly(3,4-ethylenedioxythiophene: poly(styrene sulfonate) 
(PEDOT:PSS, Fig. 1a1) is widely used as hole transport layers in 
optoelectronic devices. Sulfonate groups withdraw electrons 
from the PEDOT backbone and then transform the chain 
electronic state from neutral to polycationic. The PSS serve 
then the dual purpose of oxidizing PEDOT moieties and 
stabilizing in aqueous media the otherwise insoluble polymer. 
Stimulated by its unusual properties, PEDOT:PSS intensive 
study revealed that subtle changes in the molecule 
conformation could lead to dramatic alteration of its electronic 
properties. For this purpose a wide range of alcohol, acid, 
surfactant and polymer molecules have been used as co-
solvents or as post-treatments of spin-coated films leading to 
conductivities up to 3000 S/cm and work functions ranging 
from 4.0 to 5.7 eV.
30-37
 For instance, McCarthy et al. have 
recently reported on methanol and formic acid spray 
treatments of PEDOT:PSS films resulted in a 3 to 4 orders of 
magnitude improvement in sheet resistance values;
37
 while 
Lipomi et al. have developed stretchable electrodes based on 
ultraviolet/ozone treated PDMS surfaces and the addition of 
Zonyl fluorosurfactant to a PEDOT:PSS solution.
34
 The resulting 
materials have been used for light emitting diodes,
38-40
 
transistors,
41-44
 heat flux sensors,
45-47
 and solar cells.
48-53
 In the 
latter case, PEDOT:PSS doping has been shown to increase 
photovoltaic efficiencies in both standard and inverted 
configurations.
53-60
 In some cases, solvent treatments based on 
alcohol or acid derivatives have made possible the fabrication 
of ITO free devices with comparable PCE’s.
48,50,52,61,62
  
Fluorinated materials have solution properties orthogonal to 
both water and oil derivatives. This can be of interest to create 
barriers or to control solubilization, surface properties, or even 
to complete chemical reactions in original environments.
63-66
 
Fluor is also widely used in push-pull molecular design due to 
its high electro-negativity.
67
 A nonionic ethoxylated fluoro-
surfactant was used to develop PDMS based stretchable 
electrodes for P3HT:PC60BM OPVs.
50
 A similar nonionic 
material was blended with PEDOT:PSS to develop inverted 
solar cells with tunable efficiency and longer lifetime.
68
 
(Heptadecafluoro-1,1,2,2-tetra-hydrodecyl)triethoxysilane was 
spin-coated on-top of PEDOT:PSS layers subsequently 
annealed to create a silica based fluorinated spacer above 
which pentacene was deposited. This interface facilitated 3D 
single crystalline growth, and the development of interfacial 
dipole moments through the accumulation of negative charges 
which enhanced the built-in potential across the devices and 
resulted in increased open-circuit voltage, hole transport and 
device efficiency.
49
 Germack et al. studied SiO2, PEDOT:PSS and 
poly(thienothiophene):perfluorinated ionomer inter-faces with 
P3HT:PC60BM showing that whilst segregation at the buried 
interface near the HTL could be strongly affected by its surface 
energy, devices made with the latter two blends lead to OPVs 
with similar characteristics.
69-71
 
However, little has been achieved to discriminate between the 
relative impacts of work function, conductivity, interfacial and 
optical property alterations including charge transfer. Herein, 
we gain original insight into this complex situation relying on a 
combination  of  experimental  investigation  including  atomic 
 
Fig. 1. Molecular structures of PEDOT: PSS (a1), PFI (a2), FOS (a3), 
P3HT:PC60BM (b1-2), PTB7: PC70BM (c1-2). 
force microscope, Kelvin probe, conductivity, device 
fabrication and characterisation, wetting, grazing incidence 
wide angle X-ray scattering, transient absorption and 
spectroscopic ellipsometry measurements, as well as devices 
electro-optical modelling. These, we show, provide a full 
picture of the system and are essential to gain insight into 
overlapping or complementary effects of fluorination agents 
(FAs). Two anionic fluorinated materials, i.e. perfluorinated 
ionomer (PFI, Fig. 1a2) and perfluorooctane sulfonic acid (FOS, 
Fig. 1a3) were selected to mix with PEDOT:PSS. Whilst FOS 
presents stronger environmental risks compared to PFI, the 
choice was motivated by their similar composition (fluorinated 
and sulfonic acid) allowing to compare the effects of 
fluorination with polymeric and small molecules on both 
PEDOT:PSS electronic properties and on device performances. 
We focused on PEDOT:PSS:FA solutions with weight ratio of 
6:1:30, which was selected to observe noticeable effects 
without altering substantially the HTL conductivity while 
adding an excess of insulating materials. Fig. 1b/c shows the 
two photoactive blends, P3HT:PC60BM and PTB7:PC70BM, 
which were used in this work. P3HT:PC60BM is certainly the 
most studied OPV model system; whereas, PTB7:PC70BM is a 
relatively newer model system. Interestingly, PTB7 is a low 
band-gap material, in which charge separation along its 
backbone appears to be enhanced by intramolecular charge 
separation associated with the alternating donor-acceptor 
groups delocalizing the excitons, lowering their binding energy 
and reducing charge carrier recombination.
72
 PCEs up to 5.6 % 
have been achieved on semi-transparent substrate,
73
 8.7 % 
when it was blended with high mobility polymer,
18,74
 9.2 % 
with an inverted device structure,
75
 and up to 10.1 % when 
dual side nanoimprint process were implemented.
19
 A range of 
studies have been carried out on the effects of additives,
29,76-80
 
molecular weight,
81
 processing,
82
 and substrate,
83,84
 on the BHJ 
morphology and efficiency. The combination of both 
photoactive blends is, however, convenient to strengthen and 
draw relevant comparisons.
83,85
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In the present work, a stronger effect of the PEDOT:PSS 
fluorination is observed with PTB7 based devices than with 
P3HT OPVs, but both types of material display the same trend 
with HTL fluorination. We then show that the optoelectronic 
properties (work function, dipole layer, refractive index) of 
fluorinated PEDOT:PSS contribute greatly to the overall 
enhancement of the device efficiencies and their spectral 
modulations. In addition, and somewhat unexpectedly when 
compared with other systems, the variations of the wetting 
property and surface energy of the HTL layer appear to have 
no detectable influence on the photoactive blend morphology 
(crystallinity, orientation and composition profile), and then 
does not appear to be relevant to the variations of the 
performance of organic solar cells herein observed. In 
contrast, the electro-optical experimental and modelling 
results point towards the effect of charge transfers on optical 
constants to explain the OPVs efficiency spectral variation with 
HTL fluorination. This is an essential set of information which 
needs to be understood to take advantage of unusual features 
and compositions in BHJ devices. 
Results & Discussion 
PEDOT:PSS Fluorination 
The first row of Fig. 2 presents typical atomic force microscopy 
(AFM) images. In solution, PEDOT:PSS forms micelles around a 
PEDOT crystalline core, which has been shown by scattering 
techniques to grow when PEDOT:PSS is subject to solvent 
treatments.
35
 Once spin-coated, AFM images reveal bright and 
dark areas, which are commonly associated with PEDOT and 
PSS rich regions.
33,48,50-52,68
 In the case of the mixed materials, 
PSS and the fluorination agents compete to stabilize the 
PEDOT polymeric chains. The morphology of the images is 
noticeably influenced by the presence of the fluorination agent 
leading to larger bright domains. This feature is more visible 
with the polymeric than with the surfactant fluorination (Fig. 
2b1 vs c1). However, FOS based thin films reveals a finer 
substructure of smaller grains aggregated to form the bright 
regions. These variations would be consistent with 
conformational or aggregation changes of the polymer chains 
when co-solvents or fluorination agents are added. The finer 
substructure observed with FOS could results from its 
surfactant nature leading to a more effective distribution than 
with the polymer PFI. Also noticeable is the very small 
variation of the RMS and height between peaks and valley, 
which are only slightly larger in the fluorinated materials 
compared to pristine PEDOT-PSS thin films (Table 1, Fig. S1). 
These variations in the RMS and Peak to Peak values are not 
large enough to have any impact on device performances, 
which are presented in the following section.  
 
Surface potential maps were obtained by Kelvin probe force 
(KPFM) microscopy and are displayed in the 2
nd
 row of Fig. 2. 
Surface potential maps show three distinct average values, i.e. 
-220 mV, -720 mV and -250 mV for the pristine, PFI and FOS 
mixed PEDOT:PSS,  respectively.  Local variations of the surface 
 
Fig. 2. PEDOT:PSS layers: mixed (a), fluorinated with PFI (b) and FOS (c) 
topographic images obtained by atomic force microscopy (1), surface 
potential maps obtained by Kelvin probe force microscopy (2), surface 
potential on the topography for the PFI based PEDOT:PSS sample (3). 
potential are relatively small and of the order of  20 mV. As 
illustrated in Fig. 2b3 for the PFI based PEDOT:PSS sample, 
when the surface potential is overlaid onto the topography, 
the surface potential appears to be independent of the surface 
profile; Fig. S2 confirms this characteristic for all the samples.  
From KPFM measurements, the local work function was 
deduced and its average values are presented in Table 1. Both 
fluorinated PEDOT:PSS films present a deeper work function 
than the pristine films. This is consistent with fluorinated 
materials located at the polymer-air interface due to their 
higher ionization potentials compared to alkyl chains.
39,86
 For 
comparison purposes, the work functions of the thin films 
were also measured with a macroscopic Kelvin probe (Table 1).  
 
Table 1 PEDOT:PSS based thin film morphology as characterized by AFM in 
phase mode in Fig. 2: root mean square (RMS, 0.1 nm) and peak-to-valley 
height (hPtV), nanoscopic and macroscopic work functions (Wf-KPFM, Wf-mKP 
0.02 eV).  
HTL 
Fluorination 
x PFI FOS 
RMS (nm) 1.5 2.5 2.0 
hPtV (nm) 11  2 17  1 14  2 
Wf-KPFM (eV) 4.70  0.02 5.40  0.03 4.90  0.03 
Wf-mKP (eV) 5.20 5.72 5.56 
a1 b1 
a2 b2 c2 
c1 
b3 
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Table 2 PEDOT:PSS based thin film conductivity (, mS/cm), just after 
annealing and followed by spin-coating pure solvent on-top before the 
electrode evaporation.  
HTL Fluorination x PFI FOS 
-- 0.70  0.05 0.55  0.02 0.49  0.03 
chlorobenzene 0.69  0.04 0.95  0.09 0.55  0.02 
1,2-dichlorobenzene 0.65  0.07 0.83  0.02 0.53  0.02 
 
The values differ slightly from those deduced from the KPFM 
measurements, i.e. between 5 and 12 %, however, they follow 
the same trend. The Wf-mKP values of the fluorinated samples 
are much deeper than the value obtained with the pristine 
PEDOT:PSS film, and PFI-Wf-mKP is also deeper than FOS-Wf-mKP. 
Consistent observations were made with the ionization 
potential deduced from UPS measurements (Fig. S3). 
 
The main mechanisms of PEDOT:PSS conductivity are 
associated with the acid groups protonating the PEDOT and 
with charge hopping among the PEDOT polymer chains. The 
first column of Table 2 shows the conductivity of the spin-
coated thin films, just after annealing as described in the 
experimental section. HTL is consistent with the literature 
values, however, it is noticeable that the PFI- and FOS- based 
samples present a slight decreased conductivity. The weak 
variation of PEDOT:PSS conductivity when fluorinated with PFI 
is consistent with the literature.
87
  
Alongside of the already mentioned slight morphology 
alterations of the thin films observed by AFM (Fig. 2-row 1), 
both PFI and FOS should at least preserve the PEDOT 
protonation otherwise induced by PSS. The fluorinated nature 
of the fluorination agents is likely to favour the formation of 
larger and better connected PEDOT domains. However, the 
insulating PSS is then partially replaced by another insulating 
molecule, which overall increases the ratio of insulating to 
conductive materials in the HTL. Spin-coated PEDOT:PSS films 
are known to present an upper PSS rich phase,
39,40,88
 hence the 
apparent decrease of the conductivity observed for the two 
fluorinated samples was assumed to result from a larger 
fraction of insulating material sitting at the top of the upper 
interface of both fluorinated PEDOT:PSS thin films. To assess 
this hypothesis, as well as the becoming of this insulating 
interfacial layer when an organic semiconductor thin film is 
spin-coated on the PEDOT:PSS, conductivity measurements 
were also completed after spin-coating a pure organic solvent 
on top of the annealed hole transport layer. Pure 
chlorobenzene and di-chlorobenzene were chosen to mimic 
the effect of spin-coating P3HT:PC60BM and PTB7:PC70BM, 
respectively. The second and third rows of Table 2 show that 
the conductivity of pristine PEDOT:PSS films is unaltered by the 
organic solvent spin-coating process. FOS based thin films 
display a slight increase, ~ 10 %, of the films conductivity. PFI 
based PEDOT:PSS thin films show a more noticeable 
conductivity increase, i.e. ~ 50 % and ~ 70 % for dichloro-
benzene and chlorobenzene, respectively. The apparent higher 
 values of the fluorinated films are likely due to a better con-
nectivity between the electrodes and the underlying PEDOT. 
 
Fig. 3. Schematic of the devices (1) and the flat band energy diagram (2) 
associated with P3HT:PC60BM (a) and PTB7:PC70BM (b). 
The relative effect variation induced by spin-coating pure 
solvents on PEDOT:PSS fluorinated by small and large 
molecules  could result from  a  different balance  between the 
shear forces and the hydrophilic-fluorophilic-lipophilic 
character of each compound. Whilst, the observed 
enhancement is relevant, no dramatic change was observed 
and the obtained values remained within the range of 
conductivity usually associated with pristine PEDOS:PSS layers. 
 
Photovoltaic Devices and Time Resolved Spectroscopy 
The fluorinated-PEDOT:PSS thin films were used as hole 
transport layers in OPVs. The devices were based on two types 
of active semiconductor materials, P3HT:PC60BM (Fig. 1b) and 
PTB7:PC70BM (Fig. 1c). Fig. 3 presents both the device 
structures and their associated energy diagrams. Aluminium 
was evaporated on top of the P3HT:PC60BM active layer and 
the devices were characterized directly (Fig. 3b). In contrast, 
PTB7:PC70BM electron conduction layer relies on evaporation 
of both calcium and aluminium (Fig. 3a).
81,85
 Consequently, 
these devices were encapsulated to address the high reactivity 
of the calcium layer under ambient conditions. 
 
The normalized absorbance spectra characteristic of the 
semiconductor materials used in this investigation are 
presented in Fig. 4a/b1. PTB7 covers a wider spectral range 
than P3HT, and the relatively large fraction of fullerene 
derivatives can be noticed in the high energy part of the 
absorbance of the blend. Fig. 4a2 and b2 present the current 
density as a function of the applied voltage for both 
P3HT:PC60BM and PTB7:PC70BM devices, respectively. The 
characteristics of the devices are summarized in Table 3. Un- 
fluorinated PEDOT:PSS based devices display consistent 
efficiencies and characteristics as those reported in the 
literature. Incidentally, one could notice that chlorobenzene 
led to higher efficiency PTB7 solar cells when compared with 
OPVs prepared wih dichlorobenzene as a solvent. For both 
type of solar cell and both fluorination, the PCE of the device 
a1 a2 
b2 b1 
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Fig. 4. P3HT:PC60BM (a) and PTB7:PC70BM (b). Normalized absorbance spectra of films (1) made of the conjugated polymer (blue line and square), electron 
acceptor (red line and circles) and a blend of the two materials (black line). Solar cells prepared from these blends (2), as described in the experimental 
section, and Dark J-V curves (3) with the PEDOT:PSS layer being pristine (■), mixed with PFI (▲) and with FOS (●). 
Table 3 Best (mean and standard deviation) device performances*: power 
conversion efficiency (PCE), open circuit voltage (VOC), short circuit current 
density (JSC), and fill factor (FF), external quantum efficiencies (EQE*) at 450 
nm and 0 V bias.  
HTL Fluorination x PFI FOS 
P
3
H
T
:P
C
6
0
B
M
 
PCE (%) 2.53 (2.49±0.07) 2.96 (2.91±0.05) 2.91 (2.85±0.05) 
VOC (V) 0.59 (0.59±0.01) 0.62 (0.64±0.01) 0.63 (0.64±0.02) 
FF (%) 48.5 (49.7±2.6) 54.0 (52.9±0.7) 53.3 (53.0±0.9) 
JSC (mA/cm
2
) 8.84 (8.48±0.32) 8.86 (8.60±0.17) 8.63 (8.47±0.12) 
EQE* (%) 55.4 57.7 59.8 
P
T
B
7
:P
C
7
0
B
M
 
PCE (%) 7.18 (6.77±0.26) 7.49 (7.30±0.14) 8.26 (8.12±0.15) 
VOC (V) 0.67 (0.68±0.01) 0.68 (0.68±0.01) 0.70 (0.70±0.01) 
FF (%) 67.2 (63.5±2.3) 65.0 (64.3±1.3) 69.3 (68.8±1.7) 
JSC (mA/cm
2
) 15.94 (15.76±0.36) 16.89 (16.71±0.23) 16.94 (16.78±0.17) 
EQE* (%) 72.5 77.1 79.4 
* The OPV area was 0.08 cm2 and the statistic was established with at 
least 7 devices.  
 
shown to increase when compared with the performance 
obtained with the pristine hole conduction layer. The highest 
PCE is obtained with PEDOT:PSS:FOS for PTB7:PC70BM, while 
there is only a marginal difference between FOS and PFI based 
OPVs in the case of P3HT:PC60BM. For the two types of device, 
the fluorination of PEDOT:PSS translates into an increase of 
VOC, with a maximum variation of 45 mV and 33 mV for P3HT 
and PTB7 based devices, respectively. This is consistent with 
the work function alteration induced by the HTL fluorination 
(Table 1) and suggests a lower amount of recombination in the 
device. This is thought to occur by an alteration of the band 
bending and the internal electric field at the 
HTL/heterojunction interface which prevent electrons from 
recombining at the hole-extracting electrode.
89-91
 The fill factor 
is more sensitive and the least understood but depends on the 
charge accumulation at the electrodes, i.e. balanced charge 
extraction, and molecular charge recombination, which 
depending upon the system can be geminate or non-
geminate.
92-95
 P3HT:PC60BM fill factors increase with the 
fluorination of the HTL, with a maximum difference of ~ 5.5 %, 
i.e. ~11.3 % relative variation. This is consistent with the VOC 
variation and could be associated with a decrease of the 
resistive losses. The average FF values of PTB7:PC70BM devices 
displays a similar trend, however the very small FF difference 
relative variation compared to pristine HTL device and the 
relatively large standard deviation prevents us to draw any 
reliable conclusion from the FF variation of the low band-gap 
BHJ devices. The JSC data display a relatively low variation, ~ 
0.2 mA/cm
2
, when the fluorination agents are used to 
fabricate the P3HT:PC60BM devices. However, a larger 
increase, ~ 0.9 mA/cm
2
, occurs in the case of PTB7:PC70BM, 
which suggests that in this later case a larger amount of 
charges being photogenerated upon fluorination of the HTL. 
Incidentally, we note that the devices fabricated with either of 
the additive in the HTL systematically present lower standard 
variations of the PCE, FF and JSC. This is observed for both 
polymer:PCBM blends, as well as for both fluorinated 
additives, and as a consequence is attributed to the fluorinated 
nature of the additives.   
 
The dark J-V curves are presented in Fig. 4a3 and b3. The 
classical “diode curve” shape is observed for the un-
fluorinated PEDOT:PSS based devices.
85
 From 1.0 to 0.5 V the 
curves display the usual bell shape; at 0.5 V bias, a change of 
slope is noticeable with a much slower decay, which changes 
plateau around 10
-2
 mA/cm
2
 for very small positive external 
bias. In reversed bias, the current density increases slowly and 
continuously to reach a maximum absolute value, which is 
slightly larger than of 10
-2
 mA/cm
2
. Whilst the fluorinated 
PEDOT:PSS devices present exactly the same bell shape 
between 1.0 and 0.5 V, the slope of the continuous decay is 
unaltered below 0.5 V, with the leakage current density 
reaching  a minimum absolute  value close  to 10
-4
 mA/cm
2
  for  
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Fig. 5. Device external quantum efficiencies (a) and transient absorption 
measurements (b) for P3HT:PC60BM (1) and PTB7: PC70BM (2) thin films on-
top of PEDOT:PSS HTL pristine (■), mixed with PFI (▲) and with FOS (●). 
small and positive external bias. In reversed bias, the current 
density increases slowly and continuously to reach maximum 
absolute values under -1 V bias of the order of 10
-3
 mA/cm
2
. 
The P3HT:PC60BM dark J-V curves of both PFI and FOS mixed 
with PEDOT:PSS overlap almost perfectly. PTB7:PC70BM 
devices present the same trend, even though for reversed bias 
those with PFI based HTL display slightly larger current density 
absolute values than with FOS, which is slightly larger than 10
-2
 
mA/cm
2
. In other systems, such leakage current decreases 
were associated with higher PCBM segregation at the anodes 
and consequently enhanced contact selectivity. Fig. 5a1 and a2 
present the external quantum efficiencies (EQE) of the devices. 
The EQEs of pristine PEDOT:PSS devices are consistent with the 
literature for each type of semiconductors,
21,96
 with 
PTB7:PC70BM covering a much broader spectral range than 
P3HT:PC60BM, as already mentioned when discussing their 
respective absorption spectra presented in Fig. 4. The EQE of 
the latter blend peaks around 500 nm and displays a kink at 
high energy. PTB7 devices fabricated from dichlorobenzene 
have a rather flat EQE response across 350-750 nm spectral 
range. Both P3HT:PC60BM and PTB7:PC70BM show slight 
increase of the EQE with PEDOT:PSS fluorination. For 
illustration purposes, Table 3 presents the 450 nm EQE values 
for each device, these EQE measurements are independent of 
PCE, Voc and FF but do relate to Jsc. In the case of 
P3HT:PC60BM, the same small variation and trend is observed 
for both the integral of EQE and Jsc data, with up to 8 % 
increase with PEDOT:PSS fluorination. For the PTB7 solar cells, 
fluorination induces a consistent 6 to 9 % relative variation of 
both integrated EQE and Jsc, leading also to higher values than 
in P3HT based OPVs.  
Consequently, two enhancement mechanisms appear to be 
involved upon HTL fluorination, i) an increased charge 
extraction  preventing their  accumulation, and ii) an enhanced  
Table 4 Transient absorption fit parameters and calculated errors for both 
P3HT:PC60BM (probe = 640 nm) and PTB7:PC70BM (probe = 810 nm) deposited 
on top of PEDOT:PSS based thin films and photoexcited at room 
temperature with a pump = 400 nm pulsed beam. 
Fluorination x PFI FOS 
P
3
H
T
: 
P
C
6
0
B
M
 A1 0.59  0.01 0.64  0.01 0.64  0.01 
CR1 (ps) 0.63  0.05 0.75  0.05 0.84  0.05 
A2 0.41  0.01 0.36  0.01 0.36  0.01 
CR2 (ps) 74  3 33  3 29  2 
P
T
B
7
: 
P
C
7
0
B
M
 A1 0.47  0.02 0.33  0.03 0.42  0.02 
CR1 (ps) 16.9  1.4 36.6  4.2 41.3  2.5 
A2 0.53  0.02 0.67  0.05 0.58  0.03 
CR2 (ps) 211  9 352  22 333.4  17 
 
charge photogeneration. The relative contribution of these 
mechanisms differs whether P3HT:PC60BM or PTB7:PC70BM 
devices are considered. The first mechanism could be 
associated with a faster sweep of the charges out of the blend, 
which consequently would not allow their recombination. 
Using deeper work function can lead to a more favourable 
band bending at the contact interface. This alters the energy 
alignment within the devices and, as described by the Integer 
Charge Transfer model, creates a strong surface dipole, which 
assists the charge extraction from the interface before they 
can recombine.
89-91
 This interpretation is supported by the 
transient absorption measurements presented in Fig. 5b. Upon 
photoexcitation, ultrafast charge separations occur and form a 
charge transfer (CT) state, which leads to either geminate 
recombination or the separation of charges into the donor-
acceptor bi-continuous network. These free carriers can 
eventually recombine as non-geminate pairs. For the two 
types of blends herein investigated, we note that a) charge 
separation occurs over too short of a time scale to be accessed 
with our setup, however, b) the charge recombination (CR) 
kinetics appear to be clearly altered by the fluorination of the 
HTL. The P3HT:PC60BM (Fig. 5b1) and PTB7: PC70BM (Fig. 5b2) 
samples were probed at 640 and 810 nm, respectively. The use 
of these wavelengths implies that in the first blend, it is the 
P3HT cation which are probed,
97,98
 whereas the kinetics of the 
PC70BM anions are monitored in the second blend.
99,100
 The CR 
kinetics were fitted with at least two characteristic times, 
which values and weights are summarised in Table 4. 
P3HT:PC60BM thin films present characteristic times of 
disappearance of the P3HT cationic species in the picosecond, 
CR1, and tens of picosecond, CR2, ranges. CR1 could contain a 
contribution from geminate recombination, which will likely be 
less affected by PEDOT:PSS fluorination. In any case, the 
experimental and fit uncertainties prevent discussing the CR1 
18 and 33 % variations with PEDOT:PSS fluorination. More 
interestingly, by fluorination the PEDOT:PSS layer, the longer 
characteristic time CR2 is drastically decreased by more 55 and 
60 % for PFI and FOS agents, respectively. CR2 is understood as 
containing both non-geminate recombination and hole 
transfer from the P3HT cations to the PEDOT:PSS layer. An 
accelerated sweep of the holes from the blends is consistent 
with the larger work functions reported in Table 1 and with 
dipole formation associated to charge transfers at the 
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interface of P3HT and fluorinated PEDOT:PSS. The negatively 
charged fluorinated PEDOT:PSS then accelerates the extraction 
of the photo-induced holes, leading to shorter CR2 values, and 
this is consistent with both the VOC increase and the enhanced 
PCE of the devices fabricated with fluorinated HTL (Table 3). In 
a similar manner, PTB7:PC70BM systems display a bi-
exponential kinetic, with characteristic times in the 10s and 
100s of picosecond range, i.e. slower than the P3HT:PC60BM 
blends. A strong effect of the HTL fluorination on the charge 
transfer state kinetics is clear from Fig. 5 and Table 4. The 
PC70BM anion disappearance characteristic times are increased 
by more than 117 and 145 % for CR1, as well as 67 and 59 % 
for CR2, upon PFI and FOS agents, respectively. This substantial 
effect is again consistent with observations made by 
monitoring the P3HT cation dynamics. Probing the PC70BM 
acceptors reveals that when more holes are swept out from 
the blends to the HTL, the recombination probability of the 
PC70BM anions is decreased due to a lower density of holes in 
the blends. This results in fewer charge recombinations at the 
interface of the hole-extracting electrode, and is consistent 
with the increased VOC when the HTL is fluorinated as 
presented in Table 3. This more efficient charge extraction can 
be associated with the lower deprotonation energy of the 
sulfonate resulting from a higher fluorination of the PEDOT 
and with a higher built-in potential in the device. This is 
equivalently described through the higher dipole moments of 
the deprotonated fluorinated sulfonic acid materials compared 
with alkyl chains derivatives.
86-88,101,102
  
 
However, the spectral features of the EQE spectra require 
further careful considerations as the HTL fluorination does not 
result in a homogeneous increase of the EQE reference 
spectra. On the contrary, the EQE ratios of the fluorinated and 
unfluorinated devices vary with the wavelength (Fig. 5a). 
P3HT:PC60BM OPVs display a maximum increase of 4 % of the 
EQE narrowly located between 400 and 500 nm. The 
PTB7:PC70BM devices present an EQE increase with 
fluorination of up to 12 % spreading between 300 and 600 nm, 
with stronger variations near 400 and 500 nm. This spectral 
variation cannot be explained by a change of transmission of 
the fluorinated PEDOT:PSS layer, which shows a negligible, i.e. 
< 1 %, variation around its maximum (Fig. S7). In addition, the 
two blends do not show the same EQE spectral variation with 
PEDOT:PSS fluorination. Several hypotheses can then be made 
including a) the fluorination altering the HTL surface energy, 
which in return impact on a1) the material packing and 
distribution within the blends, and a2) the thickness of the 
device layers, b) HTL:blend interface charge transfers altering 
the optical constants of the materials involved.  
Any of these hypotheses could be responsible of the EQE 
spectral variations observed in Fig. 5a as a1) would result in a 
change of absorption coefficients, a2) and b) would impact the 
electric field distribution within the devices. 
 
Interfacial Effects and Modelling 
The variation of the surface energy with the PEDOT:PSS fluori- 
nation was assessed by contact angle measurements, which 
are presented in Table S3 and Fig. S8. The fluorinated agents 
lead to a lower surface energy when compared with un-
fluorinated PEDOT:PSS. This could then provide a PCBM 
depleted region at the interface of the hole extraction layer,
69-
71
 which could contribute at preventing charge recombination 
at the surface of the hole-extracting electrode, and would be 
consistent with the increased VOC. To explain the EQE 
wavelength dependence, a variation of surface energy and a 
local change of P3HT and PTB7 concentrations relative to the 
PCBM electron acceptor moieties would need to be associated 
with an alteration of the crystalline order of the P3HT or PTB7 
at least near the HTL interface. The impact of surface energy 
on organic semiconductor crystallinity has been documented 
in the context of field effect transistors,
10,49,103-105
 even though 
most studies have focused on pentacene. In the present OPV 
context, an alteration of the HTL surface energy could result 
from a change of phase separation and blend morphology 
analogous to the effect obtained when the solvent is slowly 
evaporated from the photoactive layer or when an additive is 
used to control the morphology of bulk heterojunction.
15,21-
29,106,107
 These have been suggested in P3HT:PCBM BHJ 
deposited on PEDOT:PSS with surface energy ranging from 50 
to 70 mN/m, even though we note that ellipsometry 
measurements were associated with device properties and not 
with any in-depth structural studies.
71
 P3HT:PC60BM 
presenting the weakest EQE spectral variation, we first focused 
on PTB7:PC70BM to compare the devices absorbance with and 
without fluorination of the HTL. Compared to the PEDOT:PSS 
based devices, the fluorinated OPVs do display an increased 
absorbance, which maximum is of the order of 6 % and which 
within the experimental precision would be consistent with 
the EQE spectral variation (Fig. S5b and S6). In addition, 
correlations between EQE and crystalline structure have been 
pointed at in systems including P3HT,
21,49,108
 and PBTTPD.
25
 
However, we note that P3HT:PC60BM does not present any 
obvious change of absorption, not even around 620 nm, which 
is associated to this polymer crystallization. Consequently and 
despite the contact angle data, the absorption results do not 
unambiguously support the hypothesis that the morphology, 
i.e. the crystallization, of the active layer is altered by the 
fluorination of the PEDOT:PSS layer. To resolve this issue, we 
completed a careful GIWAXS investigation, which is reported in 
section 4.4 of the SI. The insertion of the PCBM acceptor 
moieties in the conjugated polymers was shown to induce 
slight structural variations such as thickness, correlation length 
and alignment of lamellae; however, these features were 
shown for both P3HT:PC60BM and PTB7:PC70BM not to be 
affected by the fluorination of the HTL. This consequently 
excludes hypothesis a1). 
The thickness of each layer was measured both by dektak and 
spectroscopic ellipsometry. The techniques gave comparable 
thicknesses for the blends, while the deviation was smaller 
than 10 % for the ellipsometry and within the experimental 
uncertainty for the dektak. Then, there is no strong thickness 
alteration, which could explain the EQE spectral variation, and 
this rules out the hypothesis a2). It is also noticed that the abs- 
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Fig. 6. PEDOT:PSS refractive indices and extinction coefficients: pristine 
(■), mixed with PFI (▲) and with FOS (●). 
ence of significant thickness variation excludes any mobility 
change, which otherwise could have altered the PCE.
109,110
 
To explore the last hypothesis, it is essential to consider the 
role of the optical constants and electric field within the 
devices. As described with more details in the section SI-4.5.2, 
fluorinated PEDOT:PSS refractive index and extinction 
coefficient were shown to present a red shift and an amplitude 
decrease  of their main features  when compared  with pristine 
PEDOT:PSS thin films (Fig. 6). They are related to the excess of 
sulfonic acid groups brought in by the PFI and FOS agents 
along with the electro-negativity of the fluorinated moieties. 
This is equivalent to negative Burstein shifts induced on the 
apparent band gap when extra charges are added, for instance 
through doping,
111-114
 and consistent with the variation of n 
and k observed for various conjugated molecules when in 
oxidized or reduced states.
115-117
 Noticeably, this trend was 
preserved when the PEDOT:PSS based thin films were covered 
by the conjugated polymer:PCBM blends (Fig. S17). 
Considering that the number of excited state at the position, z, 
within a device layer depends on the energy which is locally 
absorbed, the device efficiency is then directly proportional to 
the time average of the energy dissipated per second, Q, which 
it-self is associated with the interferences between incident 
and reflected light. Under normal incidence, it can be 
expressed as:
118,119
 
𝑄𝑗(𝑧) =
1
2
𝑐𝜀0𝛼𝑗𝑛𝑗|𝐸𝑗(𝑧)|
2
 (1) 
𝛼𝑗 =
4𝜋𝑘𝑗
𝜆
 (2)  
with j, the layer under consideration, the speed of light, c, the 
permittivity of the free space, 0, the complex refractive index, 
𝑛 = 𝑛 + 𝑖𝑘, the real part of refractive index, n, the extinction 
coefficient, k, the attenuation or absorption coefficient, , the 
electric field, E, and the wavelength, , of the incident light. 
While preserving, for sake of simplicity, we define 𝑄 as  
?̃?𝑗(𝑧) =
𝑄𝑗(𝑧)
2𝜋𝑐𝜀0
 = 
𝑘𝑗𝑛𝑗
𝜆
|𝐸𝑗(𝑧)|
2
 (3) 
Fig. 7 presents the distribution inside the devices of the 
modulus squared of the optical electric field, |E|
2
, which was 
calculated as a function of the incident wavelength. Fig. 7a and 
b are associated with P3HT:PC60BM and PTB7:PC70BM, 
respectively. The dimensionless parameter z/L is used for 
convenience purposes to materialise the different material 
layers forming the devices. As expected, |E|
2
 is not monoto-
nous with both incident wavelength and position within the 
devices. Noticeably, the  |E|
2 
 maximum  value  is  higher in the 
 
Fig. 7. Calculated distribution of the modulus squared of the optical 
electric field, |E|2, as a function of the incident wavelength inside a 
photovoltaic device made of P3HT:PC60BM (a) and PTB7:PC70BM (b) 
spincoated on top of pristine PEDOT:PSS. The horizontal dotted lines stand 
for the material distribution as labelled on the right hand-side. 
case of PTB7:PC70BM than with P3HT:PC60BM. Similar patterns 
were obtained with fluorinated PEDOT:PSS as shown in Fig. 
S19. The vertical dashed line in Fig. 7 is a cross-section of |E|
2
 
at 500 nm illumination.  
A similar oscillating behaviour of |E|
2
 is observed in Fig. 8a1 
and b1 for the three HTLs. Systematically, |E|
2
 tails off in the 
metal  anode and  its  maximum  occurs in  the PEDOT:PSS  and 
 
 
Fig. 8. Cross-section at 500 nm illumination of |E|2 (1) across the 
photovoltaic devices made of P3HT:PC60BM (a) and PTB7:PC70BM (b) 
spincoated on top of pristine PEDOT:PSS. The horizontal dashed lines 
correspond to the interfaces between each layer. Calculated ?̃? values (2). 
Insert: ?̃? values in the polymer:blend layers with z/L shifted to overlap the 
blend:anode interface. PEDOT:PSS HTL layer: pristine (■), mixed with PFI 
(▲) and with FOS (●). 
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Table 5 Components of the complex refractive index of the polymer:PCBM 
blend at 500 nm, with n, the real part, and k, the extinction coefficient, used 
to calculate  ?̃?𝑖𝑛𝑡., the integral of ?̃? across the device photoactive layer. 
HTL Fluorination x PFI FOS 
P
3
H
T
: 
P
C
6
0
B
M
 
n 1.796 1.819 1.817 
k 0.258 0.248 0.255 
?̃?𝑖𝑛𝑡. (10
-4
) 1.54 1.65 1.65 
P
T
B
7
: 
P
C
7
0
B
M
 
n 1.573 1.665 1.596 
k 0.196 0.232 0.248 
?̃?𝑖𝑛𝑡. (10
-4
) 0.99 1.17 1.44 
 
blend based layers. As described in eq. 3, 𝑄 was calculated by 
taking into account n and k values of each layer, and is shown 
in Fig. 8-2. Regardless of the fluorination and blend, 𝑄 is equal 
to zero and very small in the metal anode and HTL, 
respectively. In Fig. 8a2, we notice that with P3HT:PC60BM, the 
maximum of  𝑄 is marginally larger with the fluorinated HTLs 
than with the pristine PEDOT:PSS. However, in the case of 
PTB7:PC70BM  this  trend is  much  more pronounced  as  the 𝑄 
values of the  fluorinated HTLs remain larger  than those of the 
pristine HTL all across the photoactive layers.  The inserts of 
Fig. 8-2 focus on these photoactive blend layers and matches 
the z/L value corresponding to the blend to HTL interfaces. The 
overall variation of 𝑄 between the devices was quantified by 
integrating the 𝑄 values as a function of z/L. The areas under 
the 𝑄 curves are summarized in Table 5. When compared with 
pristine HTL, the increase of 𝑄 is of the order of 7 % in the case 
of P3HT:PC60BM. PTB7:PC70BM based devices show an increase 
of 𝑄 of about 18 and 35 % for PFI and FOS based HTL, 
respectively. We confirmed with PTB7:PC70BM that such an 
increase could not be induced by a change of the PEDOT:PSS 
layer thickness (Fig. S20). We also note that comparing Table 3 
and 5, the variations of 𝑄 and JSC are consistent with one 
another, weak for P3HT:PC60BM but pronounced for 
PTB7:PC70BM. 
Whilst the electro-optical analysis remains partially subject to 
the models and fits used to analyse the spectroscopic 
ellipsometry data, it does highlights the potential of 
fluorination agent to alter the optical constants of OPV layers. 
It is important to keep in mind that these charge transfers are 
independent of any photo-excitation, and instead induced by 
the sulfonic acids groups pending at the apex of the 
fluorination agent in the HTL. The variations of the HTL work 
functions and refractive index differ by the fact that the former 
applies to photo-induced charges by sweeping them out of the 
photoactive blend, while the latter is spectrally resolved, as 
illustrated by the transient absorption, the EQE curves and the 
electro-optical modelling. The latter contribution has usually 
been neither investigated, nor taken advantage off. 
Conclusion 
The fluorination of the hole transport layer by fluorinated 
molecules have been characterized by near-field microscopy 
showing that the morphology of the thin films was not 
drastically altered by the fluorination agent. In contrast, Kelvin 
probe measurements have revealed a large impact on the 
substrate work function, which remained very homogeneous 
even at the nanometer scale. The conductivity of the hole 
transport layers were shown to decrease slightly when the 
fluorinated sulfonic acid surfactant and the sulfonic ionomer 
were used as fluorination agent. The film conductivity was 
altered further when fresh solvent was spin-coated on top of 
the HTL. Two different photoactive polymer:PCBM blends 
were used to fabricate solar cells on top of un-fluorinated and 
fluorinated PEDOT:PSS thin films. As for both small surfactants 
and large polymeric macromolecules, the device efficiencies 
were increased, any specific influence of the fluorination agent 
molecular structure and conformation could be excluded. 
GIWAXS data showed that the interfacial surface energy and 
wetting properties had no effect on the morphology, 
crystallinity and donor-acceptor distribution of the photoactive 
polymer:PCBM blends. Regardless of the conjugated polymer: 
PCBM blend, when using the fluorinated additives, the device 
characteristics were shown to be systematically more 
reproducible from one device to another. The increased power 
conversion efficiency of the devices based on fluorinated 
PEDOT:PSS layer was shown to be solely related to the 
electronic and optical properties of the fluorinated hole 
transport layer, through an alteration of not only its work 
function but also its refractive index. Two distinct mechanisms 
lead to i) an increased charge extraction (VOC, CR) and ii) an 
enhanced charge photogene-ration (JSC, n-k, 𝑄), which relative 
contributions vary with the conjugated polymer:PCBM blend. 
These cannot be separated as they occur simultaneously and 
share the same origin, i.e. charge transfers induced by the 
fluorination agents. 
Overall, the present results shed lights onto the optoelectronic 
effects on BHJ OPVs of using fluorinated agent in HTL 
preparations and are likely to be applicable to electrode 
interlayers. They also suggest that whilst it can be of interest 
to alter the electrode with a dipole layer to aim at increasing 
the interfacial charge extraction, fluorination can also be used 
more broadly to tune the optical constants and electric field 
distribution within the devices. Herein, such a strategy is 
shown to lead to a power conversion efficiency increase of up 
to 15 % along with a noticeable change of the device external 
quantum efficiencies in the UV-visible range. Impacts will likely 
vary in strength and spectral range from one fluorination 
agent, polymeric electrode, or photoactive blend, to another, 
so that this work paves the way toward a broad range of 
materials to be systematically explored as we demonstrated 
that this fluorination strategy is an important and widely 
applicable parameter to control increase OPV characteristics. 
Supplementary Information: 
Experimental Section and further details about phase and 
surface potential near-field measurements, transmittance, 
wetting, GIWAXS, ellipsometry, transient absorption and 
calculations of internal electric field and absorption.  
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